Matrix metalloproteinases (MMPs) are the principle enzymes that initiate degradation of collagen. We examined the role of MMPs during alveolar wall fibrosis and fibrotic nodule formation due to silica exposure. Rats were exposed to filtered air or 15 mg/m 3 silica by inhalation for 5 days/week, 6 hours/day. Lungs were preserved by intra-tracheal instillation (IT) of fixative at 20, 40, 60, 79 and 116 days of exposure. Additional groups were fixed after 20, 40 and 60 days of exposure followed by 36 days of recovery. The number of nodules, defined by a collagenous core and a bounding cell layer detached from the alveolar wall, was determined by morphometry. Lungs showed an increase in alveolar wall collagen and fibrotic nodules at 79 and 116 days of exposure with increased collagenase and gelatinase activity. The number of nodules per lung in exposed groups increased from 619+447 at 40 days to 13221+1096 at 116 days (mean ±SE,n=5). No nodules were seen in control lungs. Silica-exposed rats with a 36-day recovery in filteredair showed an enhanced MMP activity over exposure to silica for the same duration with no recovery. MMP-2 and MMP-9 were significantly elevated in alveolar macrophages after 40 days of exposure. Stromelysin expression was demonstrated in alveolar macrophages and cells within fibrotic nodules. TIMP-1 expression was not significantly altered. In summary, MMP activity was upregulated at 40 days of silica exposure and progressively increased during the ensuing fibrotic responses. Early expression of stromelysin was found in fibrosing alveolar walls and fibrotic nodules.
Introduction
Despite implementation of rules and regulations for safer limits to silica exposure in the workplace, some cases of acute and chronic silicosis continue to occur.
Workers in occupations such as rock drilling, silica flour-milling and sandblasting (1, 5) remain susceptible to acute silicosis, defined as silicolipoproteinosis that develops within a few months up to 5 years of inhalation of relatively high doses of silica (3, 30) .
Chronic silicosis, the form of the disease characterized by fibrotic nodules, can take 15 years or more to develop and is also still prevalent in the modern worker (3, 22) .
The more insidious form of the disease, chronic silicosis, results from recurring exposure to relatively low levels of silica (3, 22) and is frequently found in workers in occupations such as road-construction, where clouds of silica particles are produced (19) . These workers eventually develop restrictive lung disease with chronic cough and difficulty in breathing. Upon medical examination, silicotic nodules are found in the worker's lungs confirming the diagnosis of chronic silicosis (3, 22) . These lesions, which are often seen in chest radiographs of workers' lungs before the appearance of symptoms, are the hallmark of chronic silicosis.
Relatively low dose, chronic occupational exposures to silica can lead to the development of silicotic nodules. These nodules, diagnostic for chronic silicosis, are described as having a cell-free concentrically arranged whorl of hyalinized collagen fibers with a cellular boundary (3, 24) . The majority of silicotic nodules appear in the periphery of the lungs, mainly in the respiratory bronchioles and alveoli (4) . Systematic studies show that silica nodules symmetrically enlarge with time (9) , but the formation and development of these lesions in the early stages of chronic silicosis have not been characterized.
To follow the progression of nodules, researchers have studied how cytokines might affect their development. Investigators (6, 20) have studied the effects of interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF-α) expression during murine silicosis. Deletion of the TNF receptor has been shown to significantly reduce the fibrotic response due to silica (21) . These cytokines are upregulated in the lungs of the silica-exposed mice, and appeared to be involved in the disease process, including granuloma formation. There is strong support for a role for TNF-α and IL-1β in granulomatous inflammation, but fibrotic nodules are not granulomas (15) .
Another aspect of nodule development is the connective tissue remodeling that occurs at the core of these lesions. Remodeling, a normal event that continually occurs in healthy lungs, is a process whereby extracellular matrix (ECM) is recycled. In this process, the connective tissue in the lungs is broken down and new ECM is synthesized to replace it. Various cells of the lung, particularly fibroblasts, produce the new matrix components for reconstruction. During this normal process, there is a balance between degradation and synthesis of matrix components (33) . However, an aberrant remodeling process occurs from damage to the extracellular matrix due to silica inhalation, and the balance seen in the normal lung no longer exists. There is now increased degradation of the damaged matrix material and an over-synthesis of collagen for the repair of the injured alveolar region of the lung. This aberrant remodeling is thought to cause a continuous accumulation of collagen in fibrotic nodules and a continuation of fibrotic responses in the lung.
In fibrotic responses of the lung, the enzymatic degradative process is a critical step in the tissue remodeling process. Matrix metalloproteinases (MMPs) play a significant role in remodeling, as these enzymes can degrade every major component of the ECM. MMPs are zinc-dependent, highly regulated enzymes produced by virtually every type of cell in the alveolar region of the lungs (34) . There are 4 major groups of these enzymes: 1) collagenases, 2) gelatinases, 3) stromelysins and 4) matrilysins. Each group of MMPs plays a specific role in the degradation of components of the ECM.
However, these are also powerful enzymes that have the enzymatic capacity to destroy a large portion of the lung ECM in a short period of time. For this reason, MMPs must be well-regulated. As one type of regulation, these enzymes are secreted from the cell in a non-active, pro-enzyme form. The pro-MMPs must then be cleaved by another MMP or lung enzyme to initiate enzymatic activity.
During fibrotic responses of the lung, there is an imbalance in remodeling mechanisms. Injured matrix from silica exposure must undergo remodeling to repair alveolar wall damage. Matrix metalloproteinases, initiators of this process, are upregulated during early stages of silica exposure. Indeed, Perez et al (23) showed an upregulation of MMPs in silica-exposed rats. They showed an increase in MMP-2 and MMP-9, the endogenous MMPs of the lungs. However, the involvement of MMPs in the formation and development of nodules and alveolar wall fibrosis has not been elucidated. In this current study, MMPs and the continual remodeling process during silicosis were studied as pivotal fibrotic responses of the lung.
Materials and Methods

Experimental Model
Pathogen-free male Fischer 344 rats (strain CDF, 75 to 100 g initial weight, Charles River, Raleigh, NC) were housed in an animal facility accredited by the American Association for Accreditation of Laboratory Animal Care. After a two week acclimation period, rats were exposed to 15 mg/m 3 silica (Min-U-Sil < 5, U.S. Silica, Berkeley Springs, WV, average particle mass median aerodynamic diameter of 1.6 µm) or filtered air for 6 hours/day, 5 days per week for up to 116 days in two 5 m 3 Hinners-type inhalation chambers. Chamber exchange rate was 10-12 air exchanges per hour with target ranges of 22.2 to 25.6°C, 40 to 70% relative humidity and ammonia less than 5 ppm. A Prolab 3500 diet and water was available ad libitum. Rats were caged in ventilated polycarbonate cages with Alpha-Dri virgin cellulose and Beta-chips as housing, and HEPA-filtered air was provided at all times except during exposure.
Animals were maintained on a 12 hour light-dark schedule and were exposed during the dark cycle, which corresponded to the most active period. The silica aerosol generation system was based on a screw feed funnel, which deposited silica on a rotating plate decharged by polonium-210 ionizing units. The silica was aerosolized by an aspirator over the rotating plate. Following aspiration, the aerosol was passed through a cyclonebaffle system, decharged and mixed with the mainstream chamber air. Chamber concentration was monitored continuously with an optical sensor and gravimetrically.
Particle size was measured with an Andersen 8-stage cascade impactor. The average value of chamber concentration ranged from 14.9 to 15.5 mg/m 3 with a mass median aerodynamic diameter of less than 2 µm. Additional details of the exposure system, characterization of the aerosol, as well as particle deposition and clearance results from these exposures have been previously published (25) .
Lung Tissue Harvesting
At 10, 20, 40, 60, 79 and 116 days, animals exposed to silica and filtered-air controls were sacrificed. Five rats were studied per group. An additional group was exposed for 20, 40 and 60 days and then either sacrificed or allowed to breathe filtered-air for 36 days. For sacrifice, the rats were anesthetized with sodium pentobarbital (Med-Pharmex, Inc., Pomona, CA) (75 mg/kg) by intraperitoneal injection. After attaining a surgical level of anesthesia, lung tissues were harvested. Briefly, the harvested lungs were weighed, rapidly frozen in liquid nitrogen, pulverized with a mortar and pestle, and resuspended in a 10% suspension (wet lung weight per unit volume) of 0.1M Tris-HCl (pH 7.6). These samples were utilized for zymography and MMP assay.
Lung Fixation and Sectioning
For lung fixation, the same groups were studied as for lung tissue harvesting (5 rats/group). To fix the lungs, the trachea of the anesthetized animal was cannulated. An incision was made just below the sternum, and both hemidiaphragms were punctured to deflate the lungs. The cannula was immediately connected to a reservoir of 2% glutaraldehyde (in 0.085 M cacodylate buffer, pH 7.4), and the fixative flow started with a pressure of 20 cm H 2 O. After 15 minutes of fixation in the chest, the lungs were removed and immersed in the same fixative for 24 hours. After fixation, the fixed lung volume was determined by water displacement (28) . After measurement of fixed lung volume, coronal slices from each lobe were embedded in paraffin and sectioned at 5 µm.
Sections were stained with hematoxylin and Sirius Red to evaluate lung fibrosis (14) , or reacted with specific monoclonal antibodies for measurement of MMPs (32) .
Sirius Red Staining
Paraffin sections were deparaffinized and rehydrated with xylene-alcohol series to distilled water, immersed in alcohol-saturated picric acid for 20 minutes, and washed with tap water until the yellow stain was cleared from the slides. The slides then were stained with 0.1% Picrosirius solution (100 mg of Sirius Red F3BA in 100 ml of saturated aqueous picric acid) for 1 -2 hours, washed for 1 minute in 0.01 N HCl, counterstained with Mayer's hematoxylin for 2 minutes, dehydrated and mounted with a coverslip (14) .
Zymography
Electrophoresis, using 7.2% polyacrylamide gels containing 2 mg/ml of gelatin in nonreducing conditions (4°C), was employed to determine the molecular weight distribution and general gelatinase activity of lung homogenates, using methods similar to those described by Hibbs et al. (12) . Samples were run on duplicate gels for approximately 1.5 hours at 100 volts with 10 well mini-gels and a 4% stacking gel.
After electrophoresis, the gels were rinsed for 30 minutes with Triton X-100 (v/v) to remove SDS, washed twice in 50 mM Tris-HCl (pH 7.6) and then incubated in 50 mM Tris-HCl, 5 mM CaCl 2 , 1 µM ZnCl 2 , 0.02% Brij-35 and 0.02% NaN 3 at 37°C for 24 to 48 hours (pH 7.6). After incubation, the gels were stained in Coomassie Brilliant Blue and destained in methanol-acetic acid-water until clear bands of enzymatic activity were at optimal contrast from the blue staining gelatin background. Molecular weight standards were run on one lane of each gel. To provide a quality control for differences in proteolytic conditions between different gels, an activity standard of 0.01 µg of bacterial collagenase was also run on each gel. Verification of bands as authentic zones of MMP activity was accomplished by demonstration that bands were eliminated by incubation with known inhibitors of MMP activity.
MMP Activity Assay
To determine MMP activity of all major groups of MMPs in lung homogenates a fluorescent substrate assay developed by Knight et al (16) was used. This assay provides a rapid and continuous method for detection of MMP activity in nM and pM amounts. 
Immunohistochemistry
Paraffin sections were deparaffinized and rehydrated with xylene-alcohol series to distilled water. For antigen retrieval, slides were then placed in citrate buffer solution (0.01 M, pH 6.0) and microwaved at a high setting for 105 seconds to bring the solution to 100°C. The solution was maintained at that temperature for an additional 6 minutes.
Sections were then equilibrated to room temperature and rinsed in distilled water. 
Morphometric Analysis
The number of fibrotic nodules per lung was determined by morphometric methods in a manner similar to that previously described for counting alveoli in the lungs (17) . To accomplish this, spaced serial sections for a total distance of 250 µm (25 µm apart, 5 µm thick) were cut from paraffin sections of the lung. Photographs were taken with a SONY Progressive 3CCD Digital DXC-9000 camera (Tokyo, Japan) on an Olympus AX70 microscope (Tokyo, Japan) and printed on 8 x 10 inch photographic paper with a Codonics NP-1660 printer (Middleburg Heights, OH) at a final magnification of 200X.
The dissector method of counting was then used to determine the number of nodules per unit volume in each series of sections. Basically this consisted of identification of nodules present in the first and last prints of the series. Each print covered a 1 mm by 0.8 mm area of the lung section with a guard region of approximately 0.2 mm. Nodules present in the last print but not present in the first print were counted unless their boundary crossed the forbidden line for unbiased counting described by Gundersen (11) .
Prints of the sections between the first and last print were examined to be certain that no small nodules were completely contained within the selection volume. For each series, the number of nodules per unit volume was then computed from the nodule count divided by the selection volume. To determine the total number of nodules per lung, the number of nodules per unit volume was then multiplied by the alveolar volume of the lung. Two series were measured in each animal and six animals per group were studied.
Statistical Analysis
Analysis of variance and Duncan's multiple comparison test (8) were used to evaluate the significance between measurements. All tests were 2-sided tests, and P<0.05 was considered to be significant. Data are given as mean ± SE. and the alveolar walls demonstrates that the fibrotic process is occurring in these silicaexposed lungs. As with the 79-day exposure group, an excessive amount of phospholipid is seen in the airspaces at 116 days of silica exposure. Figure 2 depicts the increase in the number of fibrotic nodules versus the duration of silica inhalation. Morphometric methods show that fibrotic nodules begin to form by 40 days of silica inhalation. The number of nodules progressively increases with increasing duration of silica exposure. Another group of animals was also exposed to silica for a period of 20, 40 or 60 days and then were allowed to "recover" from the exposure by breathing filtered-air for 36 days. The number of silica nodules found in rat lungs after 36 days of filtered-air recovery was comparable to that expected if silica exposure had continued for these 36 days. No nodules were seen after 20 days of exposure in either the recovery or the non-recovery group. This result indicates that once the fibrotic process reaches a certain threshold, nodule formation progresses even after silica exposure has terminated.
Results
The connective tissue network of a rat lung exposed to silica for 116 days was imaged in Figure 3 using laser scanning confocal microscopy. In the left panel, a threedimensional reconstruction of an alveolus containing a fibrotic nodule was generated.
Collagen can be seen within the alveolar walls and in the core of the nodule. Within the alveolus, the nodule has expanded to fill the alveolar space. In the single section image in the right panel, the collagen appears as a bright white thread-like material encased in an aggregation of cuboidal epithelial cells, which covers the periphery of nodules and surrounds the accumulating collagen in the core. Collagen fibers projecting from the alveolar wall to the nodule are shown in the right micrograph. This micrograph illustrates the general observation that nodules form by collagenous, avascular buds from an alveolar wall. It is also of interest to note the concentration of alveolar macrophages at the periphery of the nodule in the airspace.
Zymographs of lung homogenates from filtered-air control rats, silica-exposed rats with no recovery period and silica-exposed rats with a 36-day recovery period are shown in Figure 4 . The 62 kDa and 92 kDa demarcations denote the molecular weights of the active form of gelatinase A and gelatinase B, respectively. These are also marked on the left-hand margin of the figure as MMP-2 and MMP-9. Along with these active forms, the pro-enzyme, or latent form of these MMPs are indicated. These two MMPs are commonly found in the lungs as illustrated by the filtered-air control sample. As shown in Figure 4 , the active form of the MMPs demonstrates the most gelatinase activity in filtered-air control rats. For MMP-2, the latent form of the MMP is of comparable gelatinase activity to the activated MMP. Typically the latent form of MMP-9 is barely detectable in zymographs of filtered-air control rats. The MMP activity at 20 days of silica exposure was approximately comparable to the filtered-air controls. By 40 days there was a noticeable increase in gelatinase activity which was further increased with 60 days of exposure in the non-recovery, silica-exposed rats.
The other groups examined were the rats exposed to silica for 20, 40 and 60 days followed by 36 days of filtered-air recovery. Gelatinase activity in most groups increased when compared with filtered-air controls. The intensity of gelatinase activity in the 20-day exposure with recovery was comparable to the intensity of the bands at the 60-day exposure group with no recovery. The 40 and 60 day silica exposure with recovery groups showed an increase in activity when compared to the corresponding 40 and 60 day silica exposed groups without recovery. The rats with silica exposure followed by a 36-day recovery period showed a larger increase in gelatinolytic activity in the pro or latent form of both MMP-2 and MMP-9 when compared to corresponding non-recovery group. Figure 5 shows the results from the MMP assay performed on lungs from the rats exposed to silica and the rats exposed to silica followed by 36 days of filtered-air exposure. The results are similar to those for gelatinase activity demonstrated in the zymograph of Figure 4 . Minimal MMP activity was seen after 20 and 40 days of exposure, but a significant increase is seen in the 60-day exposed group when compared to controls. In addition, the 20, 40 and 60 day exposure groups with the 36 days of recovery (equivalent to 56, 76 and 96 days from the start of silica exposure, respectively) displayed a significant increase in MMP activity when compared to the non-recovery counterparts. The 60 day exposure group had MMP activity comparable to the 20 day exposure/recovery group. The activity at 76 and 96 days from the start of silica exposure with filtered-air recovery was higher but not statistically different from the MMP activity of the 60 day silica only exposure group.
Localization of gelatinase A (MMP-2) in the fibrotic lung is shown in Figure 6 .
In Panel A, anti-MMP-2 was used to localize the enzyme in a 79-day silica-exposed lung. MMP-2 was highly expressed, shown by the brown precipitate of DAB, in a large days, and were progressively higher at 79 and 116 days (data not shown). A similar distribution of expression and time course were seen with MMP-9 (gelatinase B) (data not shown). We did not find significant expression of TIMP-1 from the silica exposure (data not shown). Figure 7 depict the significant expression of stromelysin-2 (MMP-10) and its immuno-localization in alveolar macrophages at 40 days of silica exposure with increased expression at 79 and 116 days. Adjacent sections, such as illustrated in panel C and D, were utilized to identify immuno-positive cells within the fibrotic nodules. Panel C shows the immuno-localization of MMP-10 which is displayed as brown precipitate in interstitial cells in fibrotic nodules and within alveolar walls of silica-exposed lungs. The adjacent section in Panel D illustrates a fibrotic nodule using Sirius Red staining in a rat lung exposed to silica for 116 days. With its collagenous core budding from the alveolar wall and a bounding cell layer, these nodules appear to be forming in the airspace. Panel C is representative of the high level of immunostaining which was present in the fibrotic nodule in the case of stromelysin-2 (MMP-10). This finding is in contrast to that described for MMP-2 and MMP-9. While MMP-2 and MMP-9 were expressed at high levels in alveolar macrophages and at lower levels in the alveolar walls, MMP-2 and MMP-9 were not found in fibrotic nodules.
Panels A, B and C in
Stains for TIMP-1 and MMP-7 were also negative in fibrotic nodules (data not shown).
Discussion
A critical requirement for fibrotic responses in the lung is the degradation of the interstitium by matrix metalloproteinases. These enzymes are known to degrade the connective tissue in fibrotic nodules and alveolar walls. When crystalline silica inhalation caused damage to extracellular matrix components, there was significant upregulation of MMP expression in the lung. Secretion of this zinc-dependent enzyme can occur in most cell types of the alveolar region; however, in our study, MMPs were predominantly expressed in the alveolar macrophages. We also observed that the number of macrophages in the airspace increased with prolonged silica inhalation. As with continued silica exposure, the increased macrophage population in the airspaces displayed an upregulation of MMP expression. Indeed, an earlier study of ours (32) and others (23) detected the secretion of gelatinase A (MMP-2) and gelatinase B (MMP-9) by alveolar macrophages. As described in the results section, we did not find high levels of MMP-2 or MMP-9 in cells located in the alveolar walls such as epithelial Type I, Type II cells, interstitial and endothelial cells. Expression of MMP-2, MMP-9 or any of the other MMPs in fibrotic nodules or cells in the alveolar wall during fibrotic lung response to silica has not been demonstrated.
One report (23) showed this same pattern of MMP-2 and -9 upregulation in alveolar macrophages in response to silica exposure as reported in the present study.
These researchers also showed an increase in MMP-labeled granulomas at 15 days postintratracheal instillation (IT) exposure. Nevertheless, in their study, this early MMP expression was followed by a subsequent decrease in activity at the 60-day time point. In our study, the initial increase of MMP activity occurred at the same time as the onset of initial pathology (40 days). However, contrary to the findings of Perez et al. (23) , MMP activity continued to increase with increased exposure time.
A possible explanation for the discrepancy between these studies is the type of exposure method used. Our study utilized the inhalation of silica particles as opposed to the Perez et al study (23) where IT was the mode of exposure. The instillation method has some positives such as ease of exposure and accuracy of the amount instilled. Also, the amount instilled is the full lung burden for intra-tracheally instilled rats. In the Perez et al study, the rats were instilled with 50 mg of silica. However, the single bolus exposure by this technique poses some key physiological questions when compared to inhalation. Dose rates are quite different between the two methods. Instillation introduces the whole dose in seconds. The inherent possibility of excessive dose by this material poses the risk of overwhelming the lung defense and producing effects that are not relevant to those which may occur at lower doses and dose rates (7) . By comparison, lung burden by inhalation can occur over a time period of minutes, hours, days, weeks and even months. The lung burden for the present study was examined by our colleagues (25) who found that from 10 to 116 days of exposure, there was a steady increase in lung silica burden to a maximum of approximately 7 mg at 116 days. Also, inhalation results in a relatively homogeneous distribution of silica throughout the lungs as opposed to gravitational distribution by IT (2) .
Our inhalation study demonstrated an increase in matrix metalloproteinases in alveolar macrophages, but these cells were not directly involved in the interstitial remodeling of the extracellular matrix for nodule formation. However, "budding" from the ECM of the alveolar wall may begin the process of nodular formation. The process involves the separation of connective tissue and cuboidal-type cells from the alveolar wall forming a collagenous, cellular expansion into the alveolus. This budding eventually leads to a completely separated, avascular nodule with a collagen core and periphery of cells. These nodules appear as lesions in the airspace of fibrotic alveoli. We attempted to discern if there was a progression of the "budding" morphology of nodules as they detached from the alveolar wall. However, at all time points, there appeared to be a mix of nodules at different stages.
By confocal microscopy, we examined the "anatomy" of these nodules. The fibrotic nodule contained a collagen core but did not have the extensive "whorl" pattern seen in the human silicotic nodule form. Surrounding this collagen is a number of cuboidal-like cells which appear to outline the lesion. Nodules were contained in an alveolus with a tether of collagen attaching the nodule to the alveolar wall "bud" point ( Figure 3 ). Again, this morphology supports the concept of a "budding" process which forms nodules from the alveolar wall. Others have suggested the genesis of nodules occurred in large clumps of cells (13, 26) . By contrast, our light and confocal microscopy studies illustrated that a "budding" of a fibrotic portion of the alveolar wall can lead to nodular formation. Although unique in structure, the fibrotic nodules in the alveoli appear similar to scar-tissue in the wound-healing process.
One well-studied theory of wound-healing involves the removal of damaged collagen and other matrix components by the MMPs, thus allowing matrix synthesis and turnover (29) . Interstitial damage caused by silica inhalation leads to mechanisms similar to wound-healing and scar-tissue formation. The MMP involved in this process, and the focus of many wound studies was stromelysin. In situ studies by Saarialho-Kere et al. (27) found stromelysin inside ulcers of the skin but never in adjacent or distal areas of scar-tissue. Also, gelatinase A and B (MMP-2 and MMP-9) were not actively synthesized in these wound tissues. Another wound study, involving intestinal ulceration (31) , found stromelysin again in the scar-tissue cells but absent from normal intestinal cells. Similar results were reported with corneal injury (10) . In all of these studies, as with the present investigation, stromelysin was detected in the interior of scar-tissue.
Because of these various wound studies, we focused our research on the possibility of stromelysin being the MMP present during the formation of nodules from silica inhalation. The nodules, which form in the alveolar region of the lung, appear quite similar to wound scar-tissue formations. Research cited earlier by Perez et al. (23) studied some of the common MMPs, including MMP-2 and MMP-9, but did not examine fibrotic nodules for stromelysin (MMP-10). Our inhalation study showed no MMP-2 or MMP-9 activity within the nodular formations; however, stromelysin, the wound-healing MMP, was localized in the core of nodules and alveolar walls (Figure 7 ). This agrees with the results seen in the wound-healing research referred to earlier. In our study, stromelysin is localized in nodular and interstitial cells as early as 40 days of silica exposure. These localized cells may break down damaged connective tissue and play a key role in fibrotic responses and remodeling in fibrotic nodule formation and alveolar wall thickening. Using the rat model, we were able to follow the progression of fibrotic responses from the inhalation of crystalline silica for up to 116 days. The fibrosis in silica-exposed lungs occurred in the respiratory unit. Silica-induced disease progressed from alveoli containing foci of inflammatory cells during early exposure to fully formed fibrotic nodules. In our study, we found silica nodules as early as 40 days of silica exposure.
After this time point, continued exposure generated a striking increase in the number of fibrotic nodules.
Another group of rats was exposed to crystalline silica followed by 36 days of filtered-air exposure. The lungs of these animals showed similar increases in fibrotic responses similar to those with continued exposure. That is, the number of nodules for the filtered-air recovery and non-recovery group coincided solely with the number of days elapsed from the initiation of silica inhalation rather than the number of days of inhalation exposure. Once nodule formation occurred, at approximately 40 days of exposure, nodules continued to form at the same rate regardless of continuation of silica exposure. From these data, it appears that once a threshold for initiation of the fibrotic response is achieved, nodules will continue to grow and proliferate without further exposure.
Not only was there an increase in size and number of nodules in these silicotic lungs, there was also an increase in collagen content (Figure 1 ). By 116 days of exposure, the fibrotic response increased the connective tissue synthesis and resulted in significant remodeling of the alveoli. There was also an upregulation of MMPs, the enzymes capable of degrading the ECM components. The degradation of matrix components and the over-synthesis of collagen indicated that remodeling of the lungs was occurring. As silica inhalation continued to the 116 day exposure, aberrant remodeling of the alveolar region appears to be occurring, leading to fibrotic responses such as nodule formation and alveolar wall thickening. The results demonstrate that animals given acute, low-level exposure to silica followed by filtered-air recovery develop elevated MMP expression and fibrotic nodules.
Our results are consistent with the following scheme for the development and growth of fibrotic nodules. The interstitium of the nodule and alveolar wall in a silicotic rat continually undergoes remodeling. Indeed, Porter et al (25) reported an increase in hydroxyproline with increased exposure from rats in the same inhalation study as ours.
The nodule, with a large amount of connective tissue and a considerable collection of cells, continues to grow outwardly from a fibrotic alveolar wall. Eventually, the walls of the alveolus tend to collapse in on the fibrotic nodule, rendering that particular alveolus dormant. Finally, the incessant growth of this nodule leads to expansion outside its particular alveolus, allowing it to merge with other progressing nodules and ultimately cause the formation of large nodules similar to human fibrotic nodules.
The appearance of nodules around 40 days of silica inhalation suggests that nodule formation is a seminal event in silicosis. Silica exposure induces nodule genesis but the continued formation and enlargement of these nodules appears to involve remodeling mechanisms similar to those described in wound healing. Once formation of fibrotic nodules has begun to occur, further exposure is not necessary for existing nodules to enlarge and new nodules to form. Stromelysin, an MMP found in scar tissue remodeling, was induced by silica exposure. Stromelysin was observed at the core of fibrotic nodules and appears to play an important role in the development of nodules. With the increasing duration of silica exposure, up to 116 days, the rats developed an increased number of nodules in their lungs (shown by ). No nodules were found in rats prior to 40 days of exposure. Once a threshold burden was attained, the number of fibrotic nodules continued to increase even when silica exposure was discontinued (shown as -------). (mean ± SE, N=6) 
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